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Abstract. A nanometer-thin-cell (in the direction of laser beam propagation) has
been elaborated with the thickness of the atomic vapor column varying smoothly in
the range of L = 50 − 1500 nm. The cell allows one to study the behavior of the
resonance absorption over the D1 line of potassium atoms by varying the laser intensity
and the cell thickness from L = λ/2 to L = 2λ with the step λ/2 (λ = 770 nm is the
resonant wavelength of the laser). It is shown that despite the huge Doppler broadening
(> 0.9GHz at the cell temperature 170 ◦C), at low laser intensities a narrowing of the
resonance absorption spectrum is observed for L = λ/2 (∼ 120MHz at FWHM) and
L = 3/2λ, whereas for L = λ and L = 2λ the spectrum broadens. At moderate laser
intensities narrowband velocity selective optical pumping (VSOP) resonances appear
at L = λ and L = 2λ with the linewidth close to the natural one. A comparison
with saturated absorption spectra obtained in a 1-cm-sized K cell is presented. The
developed theoretical model well describes the experiment.
1. Introduction
Several experimental realizations and theoretical predictions concerning thin cells
(5 − 100µm) of atomic vapor have been reported in the literature [1–6]. Recently
developed optical nanometer-thin-cell (NTC) containing atomic vapor of alkali metal
allows one to observe a number of spectacular phenomena, which are absent in common
0.1 − 10 cm-long cells, particularly: 1) the cooperative Lamb shift caused by dominant
contribution of atom-atom interactions [7]; 2) the largest negative group index measured
to date ng = −105 caused by propagation of near-resonant light through a gas with
L = λ/2 thickness with very high density [8]; 3) strong broadening and shifts of
resonances, which become significant when thickness < 100 nm caused by atom-surface
van der Waals interactions due to the tight confinement in the NTC [9–12].
Below is presented another spectacular phenomenon obtained in the NTC filled
with potassium vapor. Earlier it was shown that an important parameter determining
2the spectral width, the lineshape and the absorption and fluorescence in these cells is
the ratio L/λ with L being the thickness of the vapor column and λ the wavelength
of the laser radiation resonant with the atomic transition [13–18]. Particularly, for Rb
and Cs atomic vapors it was demonstrated that the spectral linewidth of the resonant
absorption reaches its minimum value at the thickness L = (2n+1)λ/2 (n is an integer);
this effect has been termed the Dicke coherent narrowing (DCN). It was shown that for
the thickness L = nλ the spectral width of the resonant absorption reaches its maximum
value close to the Doppler width (of the order of several hundreds of MHz) recorded in
common cells of conventional length (1 − 10 cm). This phenomenon has been termed
collapse of DCN (the phenomenon is also absent in common cells) [13–18].
Recently a one-dimensional NTC filled with natural potassium has been
constructed. In order to produce K atomic vapor with a density of ∼ 1013 at/cm3 (it is
needed to registrate absorption at the thickness L = 385 nm) the operation temperature
of the NTC’s side-arm must be around 150 ◦C and by 20 ◦C higher at the NTC windows
(to prevent the condensation of K atoms at the NTC windows). For such relatively
high temperatures there is a huge Doppler broadening (> 0.9GHz). This value is much
larger than those of Rb (0.5GHz) and Cs (0.4GHz) atomic vapors [19]. Thus, it was
not clear beforehand whether DCN and collapse of DCN will be well observable in K
vapor. As it is demonstrated below the effect is well observable for potassium vapor,
too. It is also shown that the K NTC is a convenient tool for laser spectroscopy.
2. Experiment
2.1. A nano-cell filled with potassium (K) vapor
A one-dimensional nano-metric-thin cell filled with natural potassium (93.3% 39K and
6.7% 41K) has been constructed and used for the experiment. The design of the NTC
is similar to that of the extremely thin cell described earlier [20] (the details of NTC
design can be found in [7]). The NTC allows one to exploit a variable vapor column
thickness L in the range of 50− 1500 nm. The windows of the NTC are fabricated with
well-polished crystalline sapphire with the C-axis perpendicular to the window surface
to minimize birefringence. The NTC operates with a specially designed oven with two
ports for laser beam transmission.
2.2. Experimental setup
The experimental arrangement is sketched in Fig. 1. The linearly polarized beam of an
extended cavity diode laser (with the linewidth < 1MHz), resonant with the 39K D1
line after passing through a Faraday isolator (FI), was focused onto a 0.5mm diameter
spot on the K NTC orthogonally to the cell window. The transmission signal was
detected by a photodiode (4) and was recorded by a Tektronix TDS 2014B four-channel
storage oscilloscope (5). To record the transmission spectra, the laser radiation was
linearly scanned within up to a ∼ 1GHz spectral region covering the studied group of
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Figure 1. Sketch of the experimental setup. ECDL: diode laser; FI: Faraday isolator;
1 - K NTC with a variable thickness; F-neutral filter, 2 - lenses with a focal length 20
cm: 3 - reference, saturated absorption scheme; 4 - photodetectors; 5 - oscilloscope.
The inset shows the energy levels of the 39K D1 line.
transitions. In order to measure the transmission spectra at different NTC thicknesses,
the oven with the NTC was smoothly moved vertically as indicated by an arrow in
Fig. 1 (note that although it is technically easier to move only the ETC, in this case
the temperature regime of the cell will be changed during the movement). About 30%
of the laser power was branched to form the reference spectrum using the saturated
absorption (SA) scheme (3) with 1.4-cm long potassium cell [21–24].
2.3. Experimental results
Consider first the two cases with cell thicknesses L = λ/2 (385 nm) and L = λ (770 nm),
the most contrasted ones with respect to the length dependence of DCN. Figures 2 and
3 show the transmission spectra (the upper curves) on the 39K D1 line for a low laser
power PL = 2µW. The first figure shows the spectrum at a cell thickness L = λ/2,
while the second one shows the spectrum for L = λ. As seen from Fig. 2 there is Dicke-
narrowing and all of the four atomic transitions F = 2, 1→ F ′ = 1, 2 have sub-Doppler
spectral linewidths (∼ 120MHz at FWHM, while the low- and the high-frequency wings
of the lineshape extend to a few hundreds of MHz) and are partially resolved. Note, that
there is a narrowing by nearly 8 orders of magnitude in the transition linewidths with
respect to the Doppler width and the line profile is similar to the profile of time-of-flight
broadening [25].
For L = λ/2, the Dicke-narrowed sub-Doppler absorption profiles simply broaden
and saturate in amplitude when increasing the light intensity. Meanwhile for the
thickness L = λ the spectral width of the resonant absorption spectrum reaches its
maximum value (it means the collapse of DCN) close to the Doppler width (of the
order of 1 GHz) and there appear sub-Doppler dips of reduced absorption at the line-
center on the broad absorption profile (see Fig. 3) with the increase of light intensity.
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Figure 2. Experimental trans-
mission spectrum (upper curve)
of the F = 2, 1 → F ′ = 1, 2
transitions on the 39KD1 line at
a cell thickness L = λ/2 and for
a low laser power PL = 2µW.
The lower curve is the SA spec-
trum. Five cross-over (CO) res-
onances are marked by the ar-
rows.
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Figure 3. Experimental trans-
mission spectrum (upper curve)
of the F = 2, 1 → F ′ = 1, 2
transitions on the 39K D1 line
at a cell thickness L = λ and
for the laser power PL = 60µW.
The lower curve is the SA spec-
trum. Five cross-over (CO) res-
onances are marked by the ar-
rows.
These narrowband features resulting from the hyperfine pumping between the two
hyperfine components of the ground 4S1/2 state via the upper excited hyperfine states
are called velocity selective optical pumping (VSOP) resonances, that are located at
four F = 1, 2→ F ′ = 1, 2 transitions. The linewidth of the VSOP could be close to the
natural one (∼ 6MHz) [16, 26].
It should be noted, that the use of NTC as the frequency reference for the 39K
atomic transitions in comparison with the use of the SA spectra (see Fig. 3) provides
several advantages which are as follows : (i) contrary to SA, in the case of NTC, the
crossover lines are absent, and this is very important to study the Zeeman spectra; (ii)
for the case of NTC where the thickness L = λ, the ratio of the amplitudes for the VSOP
peaks is close to the ratio of the atomic probabilities of the corresponding transitions
(for example, as seen from the inset of Fig. 1 the atomic transitions F = 2 → F ′ = 1
and F = 2 → F ′ = 2 have the same probabilities which is confirmed by the upper
curve in Fig. 3), while it is not the case for SA; moreover, as a rule, a strong cycling
transition in the SA spectrum has a smaller amplitude in comparison with that of
the weaker non-cycling one; (iii) the SA geometry requires counter propagating beams,
while a single-beam transmission spectrum is needed for a NTC; and (iv) the laser power
needed for spectral reference applications in case of NTC is more than by an order of
magnitude less than that needed for SA. The above mentioned advantages demonstrated
earlier for the frequency reference based on a Rb NTC [27] are also valid for a K NTC.
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Figure 4. a) Experimental absorption spectra for the atomic transitions F = 2, 1→
F ′ = 1, 2 for the low laser power PL = 2µW at different NTC thicknesses: L = λ/2,
L = λ, L = 3λ/2 and L = 2λ. The side-arm temperature of the NTC is 150 ◦C. The
upper curve shows the absorption in a common 1.4-cm-sized K cell (cell temperature
55 ◦C). b) Theoretical absorption spectra for a low laser power with the Rabi frequency
Ω = 0.05MHz for different NTC thicknesses: L = λ/2, λ, 3λ/2 and 2λ.
The experimental absorption spectra for the atomic transitions F = 2, 1 → F ′ =
1, 2 for the low laser power PL = 2µW are shown in Fig. 4(a) for different NTC
thicknesses varying from L = λ/2 to L = 2λ with the step of λ/2. As we see for
L = λ/2 and L = 3λ/2, there is Dicke-narrowing that’s why all of the four atomic
transitions F = 1, 2→ F ′ = 1, 2 have sub-Doppler spectral linewidths and are partially
resolved (the best spectral resolution is achieved for L = λ/2). Meanwhile for the
thicknesses L = λ and 2λ the spectral widths of the resonant absorption spectra reach
their maximum values (it means the collapse of the Dicke-narrowing). The theoretical
spectra presented in Fig. 4(b) well describe the experiment.
Figure 5(a) shows the experimental absorption spectra at the moderate laser power
PL = 60µW for the cell thickness L varying from L = λ/2 to L = 2λ with the step
of λ/2. As we see for L = λ/2 and L = 3λ/2, there is still Dicke-narrowing (while a
little spectrally broadened) that’s why the atomic transitions F = 1, 2 → F ′ = 1, 2 are
still partially resolved. Meanwhile for the thicknesses L = λ and 2λ the spectral widths
of the resonant absorption spectra reach their maximum values and there appear small
narrowband VSOPs. The calculated absorption spectra (see Fig. 5(b)) well describe the
experiment.
The experimental absorption spectra for the high laser power of PL = 2.5mW
for the cell thickness L varying from L = λ/2 to L = 2λ with the step of λ/2 are
shown in Fig. 6(a). As we see for L = λ/2 and L = 3λ/2, there is still Dicke-narrowing
while spectrally broadened that’s why the atomic transitions F = 1, 2 → F ′ = 1, 2
are worst resolved. Meanwhile for the thicknesses L = λ and 2λ the spectral widths
of the resonant absorption spectra reach their maximum values and there appear large
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Figure 5. a) Experimental absorption spectra for the atomic transitions F = 2, 1→
F ′ = 1, 2 for a moderate laser power, PL = 60µW, at different NTC thicknesses:
L = λ/2, λ, 3λ/2 and 2λ. The upper curve shows the absorption of 1.4-cm-long K
cell. b) Theoretical absorption spectra for a moderate power with the Rabi frequency
of Ω = 0.3MHz for different NTC thicknesses: L = λ/2, λ, 3λ/2 and 2λ.
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Figure 6. a) Experimental absorption spectra for the atomic transitions F = 2, 1→
F ′ = 1, 2 for a high laser power, PL = 2.5mW at different NTC thicknesses: L = λ/2,
λ, 3λ/2 and 2λ. The upper curve shows the absorption of 1.4-cm-long K cell. b)
Theoretical absorption spectra for a high laser power with the Rabi frequency of
Ω = 2MHz for different NTC thicknesses: L = λ/2, λ, 3λ/2 and 2λ.
narrowband VSOPs. Note that at high laser intensities VSOP resonances appear also for
L = 3/2λ. The theoretical spectra presented in Fig. 6(b) well describe the experiment.
As it was demonstrated earlier for Rb vapor [16] and is confirmed for K vapor (see
Figs.4 (a), (b) and Figs. 6(a), 6(b)) the peak absorption at L = λ/2 is only slightly
smaller than that of L = λ at low intensities (the absolute value of the peak absorption
is ∼ 0.6% for 150 ◦C at the side-arm), and the absorption for L = λ/2 becomes even
larger than that of L = λ at higher intensities.
With further increasing of the NTC thickness L, the Dicke-narrowed sub-Doppler
7absorption profiles simply broaden, their relative contrast decrease and the oscillating
character of the Dicke narrowing with the cell thickness vanishes (for Cs vapor the
narrowing completely vanishes for L > 5µm [5]). As to the VSOPs as it was
demonstrated in [6] they are still observable in Cs vapor at L ∼ 10µm (although with
a very small amplitude and small signal/noise ratio).
It should be noted, that the presence of the narrow-band resonances at L = λ/2
(absorption) and L = λ (VSOPs) in the NTC filled with 39K allows us to detect complete
hyperfine Paschen-Back regime at relatively small magnetic fields [28].
3. Theoretical model
We report here the theoretical model aimed at reproducing the features of absorption
spectra registered in the experiment presented in this paper. The model is close to the
one described in [29]. We consider a three-level model with the states assigned to the
real states of the D1 line 4S1/2 → 4P1/2 of potassium atom (see the inset in Fig. 1).
The scheme of the light-atom interaction is presented in Fig. 7. As a ground state |1〉
we use one of the hyperfine components of the 4S1/2 ground level (F = 1 or F = 2)
which is coupled to the excited states |2〉 (F ′ = 1) and |3〉 ( F ′ = 2) by a laser field
of amplitude E and frequency ω. The state denoted by |1′〉 corresponds to the other
ground hyperfine component not taken into the model. The electromagnetic field is
assumed to be a plane wave propagating through a gas of K atoms confined in a cell
of length L along z-direction. Our consideration is conducted within the semiclassical
approximation which means the light field is treated classically while the atomic medium
is quantized. The detuning of the laser field from the transition |1〉 → |2〉 is denoted by
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Figure 7. The three-level scheme around the D1 line of
39K as described in the text.
∆ = ω21 − ω − kvz, where kvz is the Doppler shift contribution for the detuning of the
laser field corresponding to the velocity component vz along the propagation vector k.
The total Hamiltonian in the electric-dipole and rotating-wave approximations
8(RWA) [30] for atom-field interacting system can be written as
H = H0 +HI . (1)
H0 is the unpertubed (i.e. bare) three-state atomic Hamiltonian
H0 = ~∆|2〉〈2|+ ~(∆ + δHFS)|3〉〈3| (2)
with δHFS being the hyperfine splitting between the upper excited levels, and HI the
atom-field interaction Hamiltonian
HI = −~Ω∗1|1〉〈2| − ~Ω∗2|1〉〈3|+ h.c. (3)
Here Ω1,2 = d1iE/2~ are the Rabi frequencies of the corresponding atomic transitions,
with d1i (i = 2, 3) being the electric-dipole matrix element associated with the transition
|1〉 → |i〉, and h.c. represents Hermitian conjugate.
We point out the key points of the basic assumptions made in the model: the
atomic number density is assumed to be low enough so that the effect of collisions
between the atoms can be ignored and only atom-surface collisions are to be considered;
the atoms experience inelastic collisions with the cell walls; the incident beam diameters
largely exceed the cell thickness so the decoherence due to the diffusion of atoms out
of the incident beams is neglected. The effect of the reflection of the radiation from
the highly-parallel windows of the nano-cell behaving as a Fabry-Perot cavity [31] is
taken into account. The Doppler-broadening effect is included assuming a Maxwellian
distribution of velocities.
The internal atomic dynamics is described by a semiclassical density matrix
ρ =
∑
ρij |i〉〈j|, the time evolution of which is given by the Liouville equation of motion :
ρ˙ = − i
~
[Hˆ, ρ] + Γρ, (4)
where Γ is the relaxation operator. The density-matrix equations of motion for a
considered three-level system read
ρ11 = −2 Im(Ω∗1ρ21)− 2 Im(Ω∗2ρ31) + γ21ρ22 + γ31ρ33,
ρ22 = 2 Im(Ω
∗
1ρ21)− 2Γρ22,
ρ33 = 2 Im(Ω
∗
2ρ31)− 2Γρ33,
ρ21 = iΩ1(ρ11 − ρ22)− iΩ2ρ∗32 − (Γ + i∆)ρ21,
ρ31 = iΩ2(ρ11 − ρ33)− iΩ1ρ32 − [Γ + i(∆ + δHFS)] ρ31,
ρ32 = iΩ2ρ
∗
21 − iΩ∗1ρ31 − (2Γ + iδHFS)ρ32,
(5)
and ρij = ρ
∗
ji. Here γ21 and γ31 are the spontaneous decay rates from the excited states
|2〉 and |3〉 to the ground state |1〉, 2Γ = γN = γ21 + γ′1 = γ31 + γ′2 is the total rate of
the spontaneous decay with γ′1, γ
′
2 being the decay rates describing the optical hyperfine
pumping between the two hyperfine components of the ground 4S1/2 state. For our
calculations we take γ21 = 1/6γN , γ
′
1 = 5/6γN and γ31 = 0.5γN , γ
′
2 = 0.5γN , with the
natural linewidth γN = 2pi × 6.03MHz for 39K.
9We are concerned with the laser field transmitted through the second window of
the cell containing the atomic vapor
Eout = t2E0. (6)
Here t2 is the transmission coefficient of the second window of the cell, and E0(z) is the
laser field inside the cell. The goal is to find an expression for the field E0(z) at any
position z inside the vapour in order to obtain the transmitted signal I∝|Eout|2. The
field can be represented as
E0(z) = E
′
0(z) + E
′′
0 (z). (7)
Here E ′0(z) is the laser field inside the empty cell, and E
′′
0 (z) is the resonant contribution
of the medium to the field. Note that for a very dilute medium E ′′0 (z)≪ E ′0(z). Under
this condition, considering the effects of interference and multiple reflections from the
cell windows one obtains for the laser field inside the empty cell [31]
E ′0(z) = Et1
1− r2 exp[2ik(L− z)]
F
, (8)
and for the resonant contribution at the cell exit z = L [29]
E ′′0 (z = L) =
2piik
F
∫ z′=L
0
P0(z′)
[
1− r1e2ikz′
]
dz′, (9)
where E is the amplitude of the incident laser field and P0(z) is the amplitude of
the polarization induced inside the vapor at the laser frequency. Here the factor
F = 1 − r1r2 exp(2ikL) takes into account the influence of the beam reflected by the
second wall of the cell (which is important in the case where the cell thickness is L ∼ λ),
i.e. the Fabry-Perot effect, and r1 and r2 are the reflection coefficients of the first and
second windows, respectively, and t1 is the transmission coefficient of the first window.
Taking into account the dilute character of the medium (E ′′0 ≪ E ′0), we obtain for the
transmitted signal:
I ≈ t22
[
|E ′0(L)|2 + 2Re {E ′′0 (z = L)E ′∗0 (z = L)}
]
. (10)
The absorption signal of the laser field is given by the second term in the brackets
Sabs ∼ 2Re {E ′′0 (z = L)E ′∗0 (z = L)} . (11)
To obtain the absorption spectra, we need to calculate the polarization of the medium
on the frequency of the laser field that is determined by
P0(z) = Nd21
(
ρ+21 + ρ
−
21
)
+Nd31
(
ρ+31 + ρ
−
31
)
, (12)
where nondiagonal matrix elements ρ+j1 ≡ ρj1 (z = vzt) and ρ−j1 ≡ ρj1 (z = L − vzt)
with j = 2, 3 relate to the atoms flying with the velocity in the positive and negative
directions of the cell axis, respectively. We provide this by exact numerical solution of
Eqs. (5) by assuming realistic parameters corresponding to the conditions of our modeled
experiment. To include the Doppler-broadening effect, we average the density-matrix
elements obtained for a single atom over the velocity distribution of the atoms which
is considered to be Maxwellian and is given by W (v) = N
u
√
pi
exp[−( v
u
)2], where v is the
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atomic velocity, N is the atomic density, and u is the most probable velocity given by
u = 2kBT/M with kB being the Boltzmann constant, T the temperature of the vapour
in Kelvin and M the atomic mass. Inserting formulas (8), (9), (12) to Eq. (11) one gets
for the Doppler broadened absorption profile [29]
1
E2 〈Sabs〉 =−
4piωNt22t1
cu
√
u
1
E|F |2
∫ ∞
0
e−v
2
z
/u2vzdvz
∫ L/v
0
dt
× Im
{∑
i=2,3
di1
[
ρ+i1
(
t,∆+, E0(vzt)
)
(1− r1e2ikvzt)
+ ρ+i1
(
t,∆−, E0(L− vzt)
) (
1− r1e2ik(L−vzt)
) ]}
.
(13)
Here ∆+ = ∆+±kvz are the Doppler shifted detunings of the probe field. The plus sign
refers to the atoms with the velocity v in the positive direction of the cell axis, and the
minus sign refers to the atoms with the velocity v in the negative direction of the cell
axis.
Figures 4(b)-6(b) present the results for the absorption signal as given by the
presented theoretical model. Shown are the absorption spectra versus the laser frequency
detuning. To match the theoretical spectra to the relevant experimental ones, a value
of the Rabi frequency Ω, was attributed to all the spectra registered at a given intensity
I. These values of the Rabi frequency were estimated from Ω/2pi = aγN
√
I/8, where
I is the laser intensity in mW/cm2, γN/2pi is the decay rate of the excited state (6.03
MHz), and a is the fit parameter. The fit parameter a was optimized to obtain the
best match of theoretical and experimental features, with regard to the whole series of
experimental spectra, such as presented in Figs. 4-6 (for our case a ≈ 0.03). The results
of our calculations are in general agreement with those of the experiment.
4. Conclusion
It is demonstrated both experimentally and theoretically that the spectral linewidth of
the resonant absorption of potassium 39K vapor contained in a nano-metric thin cell with
a variable thickness reaches its minimum value (∼ 120MHz) at the thicknesses L = λ/2
(385 nm) and L = 3λ/2 (1155 nm) (despite the huge Doppler broadening of ∼ 1GHz at
the cell temperature of ∼ 170 ◦C). The effect is termed the Dicke coherent narrowing,
earlier observed for Rb and Cs vapors. For the thicknesses L = λ (770 nm) and L = 2λ
(1540 nm) the spectral width of the resonant absorption reaches its maximum value close
to the Doppler width, recorded in common cells of conventional length (1− 10 cm).
For L = λ/2 and L = 3λ/2, the Dicke-narrowed sub-Doppler absorption profiles
simply broaden and saturate in amplitude when increasing the light intensity. Meanwhile
for the thicknesses L = λ and 2λ, with the increase in the light intensity there appear
narrowband sub-Doppler dips of reduced absorption (VSOPs) at the line-center on
the broad absorption profile. Practical applications of the potassium NTC are noted.
The calculated theoretical spectra well describe the experiment. A comparison of the
11
NTC spectra with the well known saturated absorption spectra is provided, and the
advantages of the NTC use are shown.
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